The SNAP protein is a widely used self-labeling tag that can be used for tracking protein localization and trafficking in living systems. A model system providing controlled alignment of SNAP-tag units can provide a new way to study clustering of fusion proteins. In this work, fluorescent SNAP-PNA conjugates were controllably assembled on DNA frameworks forming dimers, trimers, and tetramers. Modification of peptide nucleic acid ( 
INTRODUCTION
Studying inducible aggregation such as that occurring in cell membrane proteins requires a model system featuring controlled assembly. Biological macromolecules such as DNA and proteins are currently being studied as building blocks of self-assembled nanoarchitectures due to their size and unique recognition capabilities. 1 Furthermore, self-assembled DNA-protein conjugates can be used as template controlled systems for spatially arraying other molecules with increased relative accuracy and programmability. [1] [2] [3] [4] [5] The programmable hybridization of nucleic acid provides a framework to design nanoscale assemblies. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Peptide nucleic acid (PNA) provides excellent control properties over a self-assembled system including better stability than DNA duplexes, even for short sequences, and higher mismatch sensitivity. Moreover, its neutral net charge allows for tuning the structural and electrostatic characteristics through using other amino acids instead of glycine. Modification with other amino acids is easily accessible through synthesis or conjugation methods and should allow good control over the dynamics of assembly. 7, 16 The unique properties of PNA gave good results for programmable assembly of nanoparticles 4, 17 which potentially can be extended to clustering of other molecules such as proteins.
PNA tagged-encoding technology has been used to assemble libraries of small molecules, 18, 19 carbohydrates, 20 peptides, [21] [22] [23] and protein fragments 24, 25 into organized microarrays through hybridization to DNA. Due to the compatibility with standard peptide chemistry, PNA is the only oligonucleotide tag which can be co-synthesized with small molecules by solid phase synthesis. It allows PNA-encoded libraries synthesized by the split-and -mix method to be decoded in one step. 26, 27 Recently, the self-assembly of PNA-α HER2 antibody Fab fragments conjugated into homodimer, heterodimer, and higher order multimers of defined composition, valency and controlled geometry were reported. The tetrameric assembly showed enhanced activity in comparison with parent monocolonal antibody. Site specific modification of the antibody using a genetically encoded unnatural amino acid allowed precise control of PNA-antibody conjugation. 9, 25, 28 The oligomeric self-assembly of PNA-tagged carbohydrates with controlled topology has also been reported. 20 , 29 Scheibe and Seitz used the hybridization of PNA-sugar conjugates with complementary DNA as a powerful tool to create a well-defined spatial arrangement of carbohydrates which can be applied for precise spatial screening of carbohydrate-lectin interactions. [30] [31] [32] [33] Site-specific labeling of protein with synthetic molecules such as PNA can provide an intriguing and versatile tool to study the function and structure of proteins and their behavior in clustering forms. The non-invasive imaging of the dynamics of proteins in living systems can be obtained by fusion of proteins of interest with protein or peptide tags as a means for subsequent attachment of a fluorophore or other biophysical probes. 34, 35 Self-labeling protein tags such as the SNAP protein provide high specificity and selectivity. 35 Furthermore, a wide range of colors with unique photophysical properties can be obtained by subsequent modification of self-labeling tags with organic fluorophores which make them a great method to localize and study fusion protein behavior in living systems. [36] [37] [38] The SNAP tag is a 19-20 kDa self-labeling tag which was developed by mutation of the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase (AGT). The labeling of a SNAP-tag is based on the specific reaction of benzylguanine (BG) derivatives with a reactive cysteine residue of AGT leading to the irreversible formation of a covalent bond. [37] [38] [39] [40] [41] [42] [43] [44] [45] BG derivatives can be generated via a range of conjugation procedures allowing specific labeling to a wide variety of molecules including PNA (Scheme 1) and the ligand attached to BG does not have an impact on the rate of reaction between SNAP and the BG derivative. 38, [46] [47] [48] SNAP-tag labeling has been used extensively in in vitro and in vivo experiments. Examples include: localization and trafficking of a fusion protein in the cell membrane, labeling of antibody fragments, designing fluorescent biosensors, controlling yeast transcription and visualization of metabolite signaling. [49] [50] [51] [52] [53] [54] [55] [56] Scheme 1: Coupling of BG-PNA-Atto dyes to the SNAP protein to produce a thioether bond between cysteine of SNAP and benzyl linker of modified construct.
In our previous work, a well-defined system for studying controlled protein assembly based on fluorescent protein-PNA conjugates demonstrated control over the exact composition and structure of an inducibly assembled system following addition of a DNA template. 5 Moreover, it allowed fundamental insights into the behaviour of proteins in self-assembled architectures by observing the photophysical behaviour of assembled FPs. 57 Here, the combination of the unique recognition characteristics of PNA with the wide application of SNAP tag has been used to provide versatile, well-defined units to create programmed self-assembled protein systems.
The induced assembly by DNA templates has been studied through fluorescence resonance energy transfer (FRET) techniques. Four DNA scaffolds were used as frameworks to create dimeric and oligomeric forms (Scheme 2) creating hetero dimers and a range of homooligomers exhibiting FRET which was verified with fluorescence spectroscopy. 
Coupling of BG-PNA-fluorophore to SNAP protein
The coupling of BG-PNA-Atto constructs to SNAP was performed by mixing two equivalents of the modified PNA1-BG-Atto488 and PNA2-BG-Atto532 constructs with one equivalent SNAP in phosphate buffer pH 7.4 after 2hrs incubation in dark at 37°C. The reaction proceeded by producing a thioether bond between the Cysteine residue of SNAP and the benzyl linker of the modified constructs (Scheme 1). The final products were purified subsequently by dialysis to remove unreacted compounds.
Mass spectrometry confirmed the production of SNAP-PNA1-Atto488 and SNAP-PNA2-Atto532 conjugates at 22900 kDa (calculated: 22896 kDa) and 22980 kDa (calculated: 22976 kDa), respectively. SDS-PAGE of SNAP-PNA-Atto dye conjugates exhibited a single band at 23 kDa indicating complete conversion of SNAP protein to the conjugated forms (Fig 1) and SEC-HPLC yielded peaks eluting at the same time (9.4 min) for both the SNAP-PNA-Atto488 and the SNAP-PNA-Atto532 conjugates. The SEC-HPLC data also showed that using a higher ratio of construct to SNAP and longer incubation time did not have strong effects on conjugation, however, performing the reaction at room temperature decreased the coupling efficiency by about 80%. assembly of the homo-dimer on the DNA1 scaffold (Fig 3) . Similarly, when SNAP-PNA1-Atto488
and SNAP-PNA3-Atto532 were assembled as a hetero-dimer on the DNA2 scaffold a new peak appeared at 8.6 min at 501 nm (Atto 488) and at 532 nm (Atto 532). A titration of DNA1 with an increasing amount of SNAP-PNA1-Atto488 indicated a gradual decrease of the peak related to free SNAP-PNA1-Atto488 monomer which reached zero at 2:1 ratio of SNAP-PNA1-Atto488 to DNA1 while the peak related to DNA1:dimer reached its highest, showing the complete conversion of monomer units to template assembled dimers.
The solutions featuring 3:1 SNAP-PNA1-Atto488:DNA3 and 4:1 ratios of SNAP-PNA1-Atto488:DNA4 showed additional peaks at 8.16 min (timer) and 7.79 min (tetramer) at both 501 nm and 214 nm wavelengths. The peaks indicated assembly in trimer form on DNA3 scaffold and tetramer form on DNA4 scaffold (Fig 3) . Titrations of these solutions with an increasing amount of SNAP-PNA1-Atto488 showed a gradual decrease of the monomer peak which eventually reached zero at 3:1 (SNAP-PNA1-Atto488:DNA3) and 4:1 (SNAP-PNA1-Atto488:DNA4) ratios, while both peaks of trimer:DNA3 and tetramer:DNA4 reached their maximum. This behaviour was attributed to the efficient formation of trimer and tetramer assemblies. SEC-HPLC analysis of the distribution of products during titration of the DNA3 systems did not follow predictions based on the binomial distribution (Fig 3, bottom panel) . Specifically, the products of the reaction favoured products containing a single SNAP-PNA construct and the saturated constructs. This suggested that reaction of the 1:1 SNAP-PNA:DNA species was rate limiting. Similar results were seen for the tetrameric assembly on DNA4.
Photophysical studies of fluorescent SNAP-PNA assemblies

Hetero-FRET system
To study the effects of template directed assembly on the fluorescent properties of the SNAP-PNA molecules, DNA2 template (5'-TGCATGGATCGTTACT-3') was used as a framework to make hetero-dimers. The DNA2 template consisted of sequences directing a 1:1 assembly of SNAP-PNA1-Atto488 and SNAP-PNA2-Atto532 separated by a distance of approximately 3.7 nm which is ~0.57 of the Förster distance for this energy transfer pair (R0 = 6.4 nm) (Scheme 2b).
This intensity of a solution containing a 1:1 ratio of SNAP-PNA1-Atto488:DNA2 exhibited fluorescence characteristic of Atto488 when excited at 501 nm. Addition of SNAP-PNA2-Atto532 to form a 1:1:1 assembly of SNAP-PNA1-Atto488:SNAP-PNA20Atto532:DNA2 resulted in a reduction in Atto488 (donor) fluorescence and sensitized emission of Atto532 (acceptor) reaching a maximum at 553 nm (Fig 4) . The average FRET efficiency of a set of four replicates of The estimated distance based on FRET (4.1±0.2 nm) was within 2 std. dev. of the computed distance (3.7 nm). The 3.7 nm estimate of the distance between Atto488 and Atto532 in the dimer assembly was based on summation of the lengths of the 4 bases in a GATC gap engineered between the complementary regions for PNA1 and PNA2, 6 PNA-DNA base pairs and a lysine residue. 59 This accounted for the GATC gap and the structure of PNA-DNA double helices which have 16 base pairs per turn with a 28° twist and 3.3 angstrom rise. 60 This distance In template directed oligomer formation via DNA3, the anisotropy decreased by 62% at a 3:1 ratio of SNAP-PNA1-Atto488 to DNA3 (Fig 5, top panel) . This value is close to the 66% decrease predicted by eqn 4 with any discrepancy attributable to variation in the overall size of the complex. Eqn 4 assumes there is no significant mass change that would affect the rotational correlation time. However, the mass of a 3:1 assembly will be higher than either free SNAP-PNA1-Atto488 or a 1:1 stoichiometry of SNAP-PNA1-Atto488:DNA3.
Similarly, the lowest anisotropy measured for tetrameric assemblies on DNA scaffolds (0.086±0.004) was from the solution with a 4:1 ratio of SNAP-PNA-Atto488:DNA4 (Fig 5, bottom   panel) . This solution showed a 69% anisotropy decrease which is slightly less than predicted 75% (eqn 4). As with the 3:1 mixture, the discrepancy is likely due to the increase in mass in the 4:1 assembly relative to free SNAP-PNA1-Atto488 or 1:1 SNAP-PNA1-Atto488:DNA4.
In contrast to earlier work on a similar mTFP system, 5, 57 none of the assemblies showed signs of quenching indicating the Atto488 dye satisfies the equal fluorescence efficiency assumption 61, 62 in these assemblies. However, based on the SEC-HPLC results a stochastic model 57, 61, 62 was not warranted and a kinetic/stoichiometric model based on the considerations of scheme 3 applied (Fig 5) . In prior work on mTFP, 57 an adjustment was needed to account for reduced energy transfer between non-adjacent fluorophores which was not required here. This suggests that the SNAP-atto488 constructs have near ideal photophysics and the BG-constructs allow convenient labelling of proteins expressing the SNAP sequence as illustrated by the template directed assembly. 
EXPERIMENTAL PROCEDURE BG-PNA-Atto dye conjugation
The conjugation of BG-PNA was run on a 500 µl scale using 1.5-fold excess of BG-maleimide 
Photophysical Measurements and Theory
Different concentration of DNA1, DNA3 and DNA4 (0-1 µM) were added to 1 µM SNAP-PNA1-Atto488 in phosphate buffer (100 mM, NaCl 200 mM, pH 7) with 2 hrs incubation at room temperature. The anisotropy was recorded using a multimode microplate reader (Infinite F200 PRO, Tecan Group Ltd.). The excitation and emission wavelengths were 485 and 535 nm, respectively.
Similarly, 0.5 µM of SNAP-PNA1-Atto 488 and SNAP-PNA2-Atto 532 were added to 1 µM DNA2.
The intensity measurement was carried out using a fluorimeter (Cary Eclipse; Varian) over the range of 515-600 nm with excitation at 501 nm which is the maximum absorption wavelength of Atto488. 
The anisotropies r1 , r2 ,… rN of the individual species in the mixture may be conveniently approximated when the inter-fluorophore distance is < 0.8 R0. 66 Depending on orientation, distance between fluorophores, and cluster size, this approximation may not hold rigorously and additional considerations will be required. [66] [67] [68] The binomial theory applies only when individual binding events are independent. As such the treatments leading to equations 1-3 assume the distribution of fluorophores is not affected by co-operative binding or other processes that might skew the distribution. For example, if the rate limiting step in the assembly of PNA-X on a DNA template consisting of a motif with 3 repeats (Scheme 3) is k2 with k1 and k3 fast, then the distribution of species in a substoichiometric reaction will favour the singly and triply labelled species. 
